. Examination of the Voyager 2 (V2) data in Smith et al. (1982) reported no significant New measurements of Titan's hemispheric brightness asymvariation from V1 to V2, consistent with a seasonally varymetry from HST images from 260 to 1040 nm show that the contrast is strongest near 450 nm (blue) and, with the opposite ing asymmetry at a peak in the early 1980s (i.e., near equisign, at 889 nm (methane band). Comparison with a full Titan nox). Such a seasonally controlled asymmetry would be year of disk-integrated albedo data indicates that the seasonal expected to reverse in sign within a decade.
INTRODUCTION
albedo at longer wavelengths. We here report analyses of subsequent HST images to Titan was little more than an unresolved dot in the sky provide a fuller data set for future modeling efforts and until the Pioneer 11 and Voyager 1 and 2 encounters in compare the asymmetry with that measured in Voyager 1979 Voyager , 1980 Voyager , and 1981 . Its appearance in the Voyager images data. The seasonal variation in the asymmetry has been was disappointingly bland, since the surface was hidden suggested as the explanation for the variation in Titan's by a thick atmosphere laden with an opaque haze (Smith disk-integrated albedo, although previous investigations et al . 1981) . The dominant feature in the many images (e.g., Sromovsky et al. 1981 , 1986 , Lockwood et al. 1986 ) was a distinct variation in brightness from north to south, have noted that the asymmetry observed by Voyager is termed the north-south asymmetry (hereafter NSA). The inadequate to completely describe the albedo variation. NSA was investigated in some depth by Sromovsky et al.
Additionally, we examine albedo variations produced in (1981) , who compared Voyager 1 (V1) measurements with a number of models, to constrain the likely mechanism and point out directions for future modeling efforts. those of Pioneer 11 some months before, and reported by
TABLE I HST Images of Titan Used or Referred to in this Study

TABLE I-Continued
all of our images were obtained near the center of the ratio are the same physical entity-is simply the ratio of the intercepts for the two hemispheres. Note that if k differs WFPC2 image plane, where optical distortion by the HST planetary camera is well under 0.5%. However, we cor-substantially between hemispheres, the lines could cross, giving a higher intercept value to the hemisphere with the rected the program 6030 data set for distortion, as Titan was near the edge of the camera field of view.
dimmer limb. However, in practice we find that the k slopes are virtually the same between hemispheres. We have also examined a number of flatfielded and darksubtracted Voyager images. No corrections for geometric Figure 1 shows plots of IȐ vs ȐȐ 0 for two images, one blue (F439W) and one methane band (FQCH4N-D, at distortion were needed or applied. The Voyager images in general have lower signal-to-noise than the HST images, 889 nm). It is clear that the blue image is well-described by such a model-most of the points for each hemisphere but do not suffer significant degradation from the pointspread function.
fall on or near a straight line. Selecting segments further from the center of the disk Our adopted method of determining the asymmetry is related to that used by Sromovsky et al. (1981) although enables distinct separation of the two hemispheres: the near-equatorial data points depart from the two straight rather than scanning along a meridian we take points from all radial positions on the disk. We divide the disk into a lines, due to the ''blurring'' near the interhemispheric boundary. Excluding points closer than 20Њ from the equanorth and a south section and ignore points with latitudes less than Ϯ20Њ . For each of these sections, a least-squares tor eliminates this problem. Since points further from the center of the disk (i.e., those with lower Ȑ) are more prone (uniform weighting) linear fit to log(IȐ) against log(ȐȐ 0 ) was determined (see Fig. 1 ), where I is the observed flux to center-finding errors and, having lower signal, are noisier, we excluded pixels with ȐȐ 0 Ͻ 0.1 from the fits. As (which we assumed proportional to image data number DN after dark subtraction and flatfielding), Ȑ is the cosine can be seen in Fig. 1b , this selected subset of points allows a much better fit, indeed with a correlation coefficient R of the emission angle, and Ȑ 0 the cosine of the solar zenith angle of each point. A straight-line fit indicates that the for both lines greater than 0.995. Good fits of this type are found for images at wavelengths less than 700 nm. hemisphere follows a Minnaert law of the form I ϭ
: the slope of the line corresponds to k, which has
The methane band image has a somewhat different character, with points in both hemispheres (Fig. 1c) falling near values typically between 0.5 (uniform disk) and 1.0 (Lambertian sphere), and I 0 is the intercept of the line with curves which are neither straight nor parallel, suggesting a Minnaert fit fails to capture the full complexity of Titan's ȐȐ 0 ϭ 1 and is a measure of the relative albedo of the hemisphere. The north/south albedo ratio-which we will appearance at this wavelength. Thus, the ratio of intercepts or the ratio of points with a given ȐȐ 0 does not fully abbreviate as NSA, since the asymmetry and the albedo describe an albedo ratio. However, in order to generate a described by only two albedo values. Also, images using filters which sample the near-infrared methane bands parameter for year-to-year and model comparisons, we applied the same method as before. Although the fit (Fig. (F791W, F850LP, F1042M , and FQCH4N-C and -D) are not well described by the Minnaert fits, as there is both 1d) to the dimmer northern hemisphere is reasonable (R ϭ 0.985), the southern hemisphere has a pronounced limb-brightening and darkening present.
Second, the HST point-spread function (psf) causes kink and a poorer correlation coefficient (R ϭ 0.95). Although future efforts should investigate and attempt to some blurring. This causes the transition between north and south to be less distinct than it would otherwise be, reproduce the shape of the curves, the present paper retains a straight line fit, as this appears to provide sufficient and the limb profile is flatter than would be the case in a sharp image. These two errors have a modest effect on fidelity for the current generation of models.
our fits, since we exclude pixels with ȐȐ 0 < 0.1, and we eliminate the near-equatorial band in any case. Since the 2.2. Error Analysis core of the psf is only a couple of pixels wide, the albedo ratio estimate is not significantly affected, and both hemiOur Minnaert fits suffer from four sources of error. First, the two-albedo Minnaert function does not completely de-spheres are in any case affected in the same way.
The third source of error is noise in the data itself. For scribe Titan's appearance- Fig. 2 in Sromovsky et al. (1981) and Fig. 15 in Smith et al. (1982) show their deter-most images, the peak brightness is >500 DN, with a gain of 7 or 14 electrons/DN, so quantization noise is negligible mined albedo as a function of latitude-it is not perfectly and poisson noise is <1% (the F255W image has a lower image and then subtract a model image created using specified center and radius (we used the wavelength-dependent signal, however). The flat field errors are 1-2%, with the exception of F336W, where it is perhaps 4%. However, radius of Toon et al. (1992) ) and the determined Minnaert coefficients and albedo ratio. The synthetic image has a most of this variation is from one pixel to the next (rather than an across-image gradient) so the albedo ratio estimate transition region (typically 20Њ wide) at about 10ЊN , where the brightness is the latitude-weighted mean of the values does not suffer systematically.
The final, and principal, source of error, is in the Ȑ and for the two hemispheres. For the most part, the residuals (see Fig. 2 ) are small-for example, the fit to the F467W Ȑ 0 values used for the points in the fit. This in turn is due to errors in the determination of the center of the disk image has a root-mean-squared error of 9.2 DN, or about 1.5% of peak intensity. When compared with the ȁ1% and inaccuracy of the assumed or measured radius. We used the wavelength-dependent radius from Toon et al. flatfield error and poisson noise, this suggests that the model is an accurate description of Titan's appearance. (1992) . We determined the center of the image by taking the mean of the points of maximum intensity gradient. Errors are much larger and have a non-random appearance, for the near-IR images-as mentioned above, the This method suffers slightly in the presence of non-zero phase angles, but error in center-finding can be easily iden-Minnaert fit is a poor description of Titan at these wavelengths. tified, by an asymmetric brightening at the edge of the disk when the model is subtracted from the image and corrected accordingly.
We estimate, conservatively, that the center can be de-3. RESULTS termined to ȁ2% of the radius (about 0.2 HST pixel). Note that the determined Minnaert coefficients and albedo ratio Our results are expressed as a north/south albedo ratio and listed in Table II et al. (1981) for Voyager. Within error bars, the asymmetry point near the center of the disk (Ȑ ϭ 0.94) and for a point near the edge (nominal ȐȐ 0 ϭ 0.3), it can be shown by and limb darkening that we determine for Voyager and HST images are about the same, although the albedo ratio numerical experiment that for no east-west center-finding error but a center estimate 2% to the north of true, the is perhaps slightly lower for the present than in the Voyager epoch. albedo ratio will be estimated 0.03 too low, and the k values will be 0.01 too high for the north and 0.01 too low for
The wavelength dependence of the NSA (see Fig. 3 ) is the same as seen in the Voyager images, with a peak at the south. These error values are for where the true k value is 0.8 and the albedo ratio is 1.1: the errors are smaller ȁ450 nm. Longward of 700 nm, there is a remarkable change in character of the images. The reversal in sense if the true k is smaller and vice versa (e.g., if true k ϭ 0.6, the corresponding errors in estimate of albedo ratio and of the asymmetry beyond 600 nm was predicted by Toon et al. (1992) and noted by Caldwell et al. (1992) in the first k are 0.01 and 0.005, respectively).
To verify this accuracy estimate, we made synthetic im-HST images. Subsequent analyses were also made by and . The reversal ages with specified albedo ratio and k and attempted to retrieve these parameters using the same processing we is due to the increasing albedo of the aerosols with wavelength, such that they are darker than the bright atmoapplied to the real images. Typically, we can recover the albedo ratio to within Ϯ0.02 and the k values to within sphere beneath at blue wavelengths, whereas they are brighter than the absorbing atmosphere in the infrared-Ϯ0.05 for true k ϭ 0.8.
To avoid introducing deconvolution artifacts into the particularly in methane absorption bands where the atmosphere is darkest. images, we used raw (undeconvolved) images in this study. To investigate the effect of the HST psf, we convolved It is seen that there is a reversal of the asymmetry in the 619 nm methane band, although the contrast is small. synthetic images with wavelength-dependent point-spread functions generated using TinyTIM software developed by In the continuum just beyond, at 650-700 nm, the asymmetry is the same sense as at blue and green wavelengths. John Krist and available from STScI: we found that the recovered albedo ratios were the same (within 0.01) of Beyond 700 nm, the asymmetry reverses in sense and indeed becomes stronger even than at blue wavelengths. those for the original images, but the fitted k values were consistently 0.05 to 0.07 higher than they should be. The The differing magnitude of the NSA in filters longward of 600 nm depends principally on how much methane absorpeffect is essentially an enhancement of limb-darkening induced by ''blurring in'' the darkness of space into the edge tion they sample, with the 889 nm methane band contributing most significantly in the F850LP and FQCH4N-D of the disk.
To evaluate the applicability of a three-parameter model (889 nm) filters and the 1000-nm band to F953N and 1042M. Disentangling the contributions of the different to the real Titan, we fit albedo ratio and k values to an bands will require detailed analysis, beyond the scope of tainties or differences between hemispheres were reported.
Our own Voyager analysis suggests similar values of 0.75, this investigation.
The variation of brightness over the disk varies in a 0.93, and 1.02, although we also estimate UV and orange Minnaert slopes of 0.65 and 1.02. When corrected for the characteristic fashion, following a Minnaert fit as described above, except in the near-IR. Sromovsky et al. (1981) deter-ȁ0.06 offset due to the blurring by the psf, our estimates of k from visible and UV HST images are about the same as mined Minnaert slopes k of 0.773, 0.887, and 0.942 for violet, blue, and green V1 images, respectively. No uncer-seen by Voyager (see Fig. 4 ). Beyond 700 nm, the Minnaert slope falls to low values (ȁ0.5 at 889 nm) but the Minnaert than our estimated uncertainty of Ϯ0.05. We used the wavelength-dependent radius from Toon et al. (1992) for fit is poor in any case at these wavelengths. Limb brightening at long wavelengths is consistent with the scenario both hemispheres- Karkoschka and Lorenz (1997) show that these values are good global average values. indicated above, with light scattered at high altitude, above a darker lower atmosphere.
As observed by Caldwell et al. (1992) , we find that the NSA has reversed since the Voyager epoch. We find the Since the altitude of the limb varies with latitude by 50-100 km (see Karkoschka and Lorenz, 1997) , better fits amplitude of the NSA relatively flat between 1992.6 and 1995.8, consistent with a peak in or near this interval. This could be made with different radii for the two hemispheres. Our estimates of k for the brighter hemisphere tended to in turn is consistent with the estimated phase lag of 85-90Њ of the contrast behind the solar forcing (Smith et al. 1981, be slightly lower than for the darker, but the difference may be due to an error in assumed radius rather than a 1982, Sromovsky et al. 1981) . Our new data are unable to constrain the phase further, since as in the Voyager epoch, real difference in limb-darkening behavior and was smaller we are at an extremum of the cycle. The best measurements for measuring the phase are during the zero-crossing, when the time derivative of the contrast is highest. We have made 1 ϩ A cos[(2ȏT/29.4)-ͳ] fits (see Fig. 5 ), to the albedo ratio, with T the time in years, and A the amplitude of the contrast cycle. The amplitude A of the cycle (Ϯ0.01) is 0.20 in blue and 0.15 in green, with a phase lag ͳ (computed from T ϭ 0 at solstice in 1987.9-note that Saturn's orbit is eccentric, such that northern summer is longer than the winter) at both wavelengths of about 90Њ, with a probable error of ȁ10Њ (see also section 3.2). For this simple fit, we have used time as the independent variable, although equally L s (the Titanocentric longitude of the sun), the solar latitude, or the true anomaly of Saturn's orbit could be used.
Although the difference is small, and comparable with the error bars, it may be seen in Fig. 3 that the contrasts seen by Voyager and Pioneer were slightly larger (11 Ϯ 3% at blue) than those we have measured for the present epoch (9 Ϯ 2%), suggesting that the cycle may be somewhat asymmetric [contrast for a given NSA is given by the un- our estimated error for both data sets). Our determinations seem consistent with the measurements by Sromovsky et al. (1981) for Voyager data 260 nm) than in the visible. This suggestion was based on the scattering phase function and polarization properties observed on Titan (West and Smith 1991, Lemmon, 1994) . measured optical properties (Khare et al. 1984 ) of tholins and augmented by the condensation of organics. Figure 7 Fractal aerosols in Titan's atmosphere are also discussed in some detail by Rannou et al. (1995) . in Courtin (1992) suggests that the predicted NSA contrast at 260 nm should be ȁ15% greater than that in the blue, and at 200 nm, the contrast should be 40% greater. Toon 3.2. Comparison with Disk-Integrated Albedo et al. (1992) and Hutzell (1996) also predict strong UV con-
UV Asymmetry
The available imaging data have rather poor temporal trasts.
coverage to date, with information available only near the This trend is not what is seen in either the Voyager or equinoxes of 1980 and 1995. Although no imaging data the HST data sets, which show that shorter than ȁ450 nm are available between 1981 and 1990, photometry of Titan there is a consistent drop in NSA as wavelength decreases. has been obtained regularly since 1971 by Lockwood et al. Our observations in this spectral region are not ideal. One (1986a,b, etc.) using yellow (551 nm) and blue (472 nm) of the Saturn exposures used the F255W filter, and signal-filters. The relevant colors for HST comparison are the to-noise is better than for the Voyager images, but poor blue (F439W and F467M) and green (F547M) filters. compared with the other HST data. The motion of Titan on Figure 6 shows the normalized blue albedo of Titan the (Saturn-tracking) image, together with the moderate from observations at Lowell observatory. The ȁ14-year exposure time, gives some smear. However, the measure-periodical variation in albedo was first thought to be due ment of the NSA is not significantly impeded by either of to the solar cycle (Lockwood and Thompson 1979) , with these drawbacks. a similar period, but Sromovsky et al. (1981) showed that Additionally, we examined an image of Titan taken at the variation can be reproduced if there is a varying con-ȁ230 nm with the Faint Object Camera. The signal-to-trast between Titan's hemispheres, with a peak contrast noise in this image was too poor to enable useful quantita-near equinox. tive analysis, but qualitatively it could be seen that the We fit a normalized north albedo A N of the form (1 ϩ asymmetry was far less than at blue wavelengths. All of ⌬ sin ) and a south albedo A S of (1 Ϫ ⌬ sin ) and other the imaging data, then, argue against Courtin's (1992) sug-analytic functions described and defined in Table III . The gestion that the UV asymmetry is stronger than at blue NSA is described by A N /A S , and the observed disk-intewavelengths.
grated albedo is The albedo of Titan at UV wavelengths is notoriously hard to model, as Rayleigh scattering from the atmosphere
should tend to make it bright-see, for example, the models in Toon et al. (1992) . To reduce the albedo to the observed low values requires small particles at high alti-where the north contribution c is the fraction of total light received from above the equator. This parameter c detudes-perhaps the monomer particles that make up aggregate particles-to absorb the light. Aggregate particles pends not only on Titan's orientation to the sun and earth, but also on the limb darkening, since stronger limb darken-(i.e., those formed by the clustering of smaller ones) typically exhibit the fractal nature of their properties, such as ing enhances the contribution from those parts of Titan close to the center of the disk. From numerical experiments cross-sectional area, varying as a non-integral power of the number of monomer particles. Aggregate particles, often with synthetic images, making the simplifying assumption Ȑ ϭ Ȑ 0 , we find to within 1%, termed ''fractal particles'' or ''fractal aerosols,'' exhibit Table III . Solid line, best fit to albedo data. The dashed line has amplitude for the best-fit to the NSA data (see Fig. 5 ). Dot-dash curve is the ''square-wave'' NSA (model 3), where contrast has constant amplitude but changes sign at solstice (see Fig. 5 ). The ''modified'' model (4) is indistinguishable from the solid line. The yellow albedo data look similar but is of lower amplitude and slightly phase shifted. c ϭ 0.5 ϩ (0.0069 ϩ 3.567 ϫ 10 Ϫ3 k), (2) to the albedo curve is poor. This suggests that the asymmetry will decay smoothly from its present value. If a sinusoidal variation is assumed, but with an amplitude scaled by where k is the Minnaert coefficient described earlier, and is the latitude of the subsolar point in degrees. We assume the normalized insolation, the fit is about as good as a simple sinusoid. We have also examined fits for the yellow Titan's equator lies in the ring plane.
We investigated albedo variations other than sinusoidal albedo data recorded at Lowell and find similar results. Our best-fit results are summarized in Table II . Example (e.g., a ''square wave,'' wherein the NSA has a constant amplitude but reverses in sign around solstice) but the fit fits to the blue albedo data are shown in Fig. 6 .
TABLE III Form and Quality of Fit for Various Analytic Models Used to Simultaneously Fit the Albedo and Contrast Data
Note. RMS errors listed above should be compared with the estimated error in brightness (1 ȁ 0.01) and contrast (uncertainty ȁ 0.03): acceptable fits indicated by •. It can be seen that while simple models can fit single data sets well, only a model in which there is an albedo enhancement (X) centered on times of peak NSA is able to simultaneously fit albedo and contrast data. In the model descriptions above, ϭ (⍀ Ϫ Ϫ ͳ) where ⍀ is the true anomaly of Saturn (ϭ0Њ at perihelion, 1974.0, L s ϭ 279Њ), is the true anomaly at the equinox (261Њ at northern autumn equinox, 1995.9, L s ϭ 180Њ), ͳ measures the phase lag (the lag in the traditional sense is 180Њ Ϫ ͳ), and I is the relative insolation at Titan.
As noted by Smith et al. (1981) , Sromovsky et al. (1981, nism for the albedo variation. If the haze is described by altitude functions of particle size, number density, and 1986), and Lockwood et al. (1986b) , the observed contrast between hemispheres is inadequate to reproduce the al-optical properties, any or all of these could change at any or all altitudes. For convenience, however, we can think bedo variation. We also find this to be the case for the 1986-1995 epoch; i.e., a simple albedo function tuned to of the optical effects as changes in one or both of two parameters (one an input parameter, the assumed radius, fit the NSA data is poor at reproducing the albedo and vice versa. The discrepancy between the cycle amplitude and the other the limb darkening coefficient k) in our model images of Titan. indicated by the imaging NSA measurements and that required to fit the albedo implies an effect additional to the A change in radius of the ''optical surface'' could account for the additional ȁ2% of required brightness-increasing asymmetry cycle. In analytic terms, the residual albedo variation (i.e., that part not reproduced by the asymmetry Titan's area by 2% implies an increase the altitude of the optical surface by 1%, or about 30 km, or one scale height. cycle) seems to be well reproduced with an increment to the albedo scaled to double the phase of the NSA (see GCM results predict a general upwelling at low latitudes, where most of Titan's reflected light comes from, near model 4 in table III). The amplitude of this increment is about 50% larger than that of the seasonal asymmetry equinox (see Hourdin et al. 1995) which could levitate most of the reflecting haze. Note that this refers to the normal cycle. Lockwood et al. (1986b) suggest that physical possibilities are a solar cycle effect, that the change in insolation optical depthϭunity altitude near 100 km. Latitudinal variations in the altitude of the tangential optical limb (normal is due to Saturn's eccentricity, or a change in the location of the contrast boundary. optical depth 0.01ȁ0.03, at an altitude of 300 km or so) of order 50 km have been noted by Karkoschka and Lorenz The solar cycle does not correlate well with the residual albedo variation (while it did so in the late 1970s, the solar (1997), Rages and Pollack (1983), and Hubbard et al. (1993) . Model study is required to determine whether a cycle is now out of phase with the albedo variation), and in any case, as discussed below, the production of aerosols physically plausible change in the optical surface would be accompanied by changes in reflectivity. has such long time constant as to make it non-viable as a mechanism for generating albedo changes on seasonal Physically the same process (a change in haze properties) could manifest itself in a change in the limb-darkening timescales (see Hutzell 1993) . Similarly, Saturn and Titan's insolation varies with Saturn's orbital period of 29.5 years, coefficient, with the ''radius'' held fixed. Numerical experiments show that for the same intrinsic reflectivity I 0 , the with a peak at perihelion in 1974 and a minimum in 1988. Since the residual albedo discrepancy has a period of about disk-integrated brightness at zero phase varies as exp(Ϫ0.37k), with k the limb-darkening coefficient. Thus, 14 years, it is difficult to relate it directly to the insolation variation. a 2% increase in brightness would require a decrease in k of 0.05. The present analysis, however, is barely able to Although the contrast boundary may indeed migrate north and south, we reject this mechanism as a principal resolve such changes in k, and since there is not yet a set of imaging data using the same instrument with the same cause of the discrepancy. If the albedo changed according to the simple (model 1 in Table III ) law tuned to fit the psf spanning more than a couple of years, confidence in detecting such a change would be poor. NSA data, the contribution required from the brighter hemisphere would need to be greater than unity to reproduce the albedo variation. This is clearly unphysical. As the boundary between hemispheres is itself not very sharp,
MECHANISMS OF SEASONAL CHANGE:
and is blurred by the psf in our HST images, it is not easy MODEL COMPARISON to measure. suggested a boundary at ȁ20ЊN. We find that the residuals after our model image
We can use the wavelength dependence of the asymmetry, and its phase with respect to solar forcing, to investigate subtraction are somewhat smaller with the interhemispheric boundary defined in the model at 10ЊN to 20ЊN, the physical processes causing the change. That the asymmetry has reversed over a period of 15 years is entirely suggesting that the ''boundary'' lies in this range. Model images with boundaries south of the equator or north of consistent with it being due to solar forcing in one way or another, since Titan's substantial obliquity of 26.7Њ leads 30ЊN are poor. This may be contrasted with Fig. 15 in Smith et al. (1982) , which shows the transition region span-to strong interhemispheric variation in insolation with this period. Since the optical wavelengths under consideration ning about 30ЊS to 5ЊN. Squyres et al. (1984) report measuring the boundary at 5.5ЊS. Thus, while it appears that the are primarily sensitive to the atmospheric haze, this variation in albedo must be due to a change in the haze structure boundary does appear to move, it moves in the wrong direction (i.e., on Titan, the darker ''hemisphere'' is the or optical properties in each hemisphere.
Sromovsky et al. (1981) considered aerosol parameters larger one) to account for the albedo variation.
A change in the global haze properties is a likely mecha-generated by Rages and Pollack (1980) and noted that contrast would decrease or disappear for small phase dependence of the limb-darkening coefficients (Fig. 4) that we have determined for Titan. A change in model mass angles if the contrast were due to a change in aerosol size. We, and Sromovsky et al. (1981) , have found no evidence production rate (see Fig. 7 ) of a factor 2 generates the albedo difference fairly well, and it is of note that the for such a drop in contrast at lower phase angles (based on analysis of Voyager images at phase angles from zero Lemmon (1994) model, using fractal aggregate particles, performs much better at short wavelengths than the Toon to 30Њ), so a size distribution change seems unlikely. Sromovsky and Fry (1989) measured the NSA out to phase et al. (1992) model which uses spheres. However, such a production change overestimates the contrast at near-IR angles of 90Њ, where a variation in mean size would give a contrast reversal, but found instead that the contrast was wavelengths, probably by increasing the number density too much at high altitudes. We also considered the effect of constant with phase. Sromovsky et al. (1981) also considered whether a cloud changing the removal (''rainout'') altitude of the particles from 88 to 64 km. In effect this simply increases the number layer deep in the atmosphere could cause the asymmetry. They argue that such a cloud layer would have to be more density of particles in this altitude range. Such a change (see Fig. 7 ) is unable to reproduce the contrast spectrumabsorbing at short wavelengths to match Titan's geometric albedo (Rages and Pollack 1980) , and thus the north-south light is scattered too high in the atmosphere for changes at ȁ70 km to generate enough blue contrast between these contrast should be higher at long wavelengths, which is not what is observed, namely a decline and reversal of the cases, although the near-IR contrast is reasonable.
Note that a drop in rainout altitude essentially increases asymmetry with increasing wavelength.
A change in aerosol absorption coefficient, due perhaps aerosol opacity at the base of the haze layer, whereas a change in production rate drives the opacity at the top. to condensation of materials onto the aerosols, is a possible mechanism, consistent with the blue and green asymmetry We found (Smith et al. 1995 ) that the albedo difference with wavelength between north and south could be reproduced reported by Sromovsky et al. (1981) . This mechanism is that favored by Courtin (1992) who noted a latitudinal reasonably by introducing an ''artificial'' additional haze opacity, with particles bright in the red, dark in blue, with correlation between the HCN to C 2 H 4 atmospheric abundance ratio and albedo. A relevant observation is that by optical depth 0.5 in a 104-112 km altitude bin. Introducing such a layer has an effect broadly comparable with that of Letourneur and Coustenis (1993) who while reporting ''no significant temporal variations'' in a comparison of V2 lowering the rainout altitude, although since the altitude is higher, the contrast in the methane band (889 nm) is IRIS data with that from V1, show estimates of the V2 abundance of C 4 H 2 and C 3 H 4 at high northern latitudes rather stronger, as for the case where mass production was changed. factors 3-5 lower than those estimated (Coustenis and Bé zard 1995) for Voyager 1 at the same latitude. It is of Figure 8 shows the altitude of the unity optical depth level in the nominal model, in very crude terms, large note that these are the heaviest hydrocarbons they examined and thus are most likely to play a role in aerosol contrasts must be generated near or above these altitudes.
Since the contrast is weaker at wavelengths below 400 nm, modification by condensation. However, condensation onto aerosols would amplify (Courtin 1992 ) the north-most of the contrast must be generated lower than ȁ120 km altitude. Models (e.g., where production rate is south contrast in the UV, which is clearly not what is observed. Thus while condensation may well occur, and changed) where there are significant changes in the haze at higher altitudes tend to overpredict 889 nm contrasts. may modify the aerosol optical properties, it is not the dominant effect. Toon et al. (1992) point out that one The cases above are single perturbations to a model haze structure-clearly what is actually happening on Titan is would not expect to see a reversal of contrast at long wavelengths if the cause of the asymmetry were a change more complicated-some altitudes may be depleted in haze while others are enhanced. As pointed out by Hutzell in the optical properties of haze particles.
Having eliminated the mechanisms above as principal (1996) contrast at different wavelengths may reflect changes in haze structure at different altitudes. contributors, the remaining source of the contrast is additional aerosol opacity by an increase in the number density Note that we have deliberately not explored model variations in detail, as our nominal model-like that of Toon of particles. We will now investigate whether production, removal, or transport of aerosols is what controls their et al. (1992) -is tuned to fit the Neff et al. (1984) diskintegrated albedo data. A model tuned to fit this data may number density at the relevant altitudes.
We attempted to reproduce the contrast changes using a not, however, actually describe the haze strructure of any part of Titan, ever, since the albedo reflects the sum of multi-layer radiative transfer model. This model (Lemmon 1994), using fractal aggregate particles, fits the spectrum (non-equal) contributions from two hemispheres. A future, more detailed model investigation will use the contribution of Titan measured by Neff et al. (1984) and Pioneer and Voyager polarimetry (Tomasko and Smith 1982). We find factors described earlier and separate models for each hemisphere, tuned first to fit the Neff et al. (1984) data, that the model qualitatively reproduces the wavelength et al. (1984) spectrum divided by models with a 0.05 cm/sec updraft and factor 5 increase in aerosol mass production rate (MPR) from Figs. 9 and 13 of Toon et al. (1992) and for factor 2 increase in MPR and drop in rainout altitude from 88 to 64 km from Lemmon (1994) Figs. 23 and 24. The Lemmon model with an additional 0.5 optical depth of haze at 108 km are new calculations. The Hutzell data are north/ south albedo ratios estimated from Hutzell et al. (1996) Fig. 5 for a global circulation model (GCM) and a Hadley-type circulation. The upwelling Toon and Lemmon rainout and 108 km cloud cases appear to perform best, although the Toon model does not perform well at short wavelengths.
and then each varied to reproduce the asymmetry cycle in any case. We note that the k values are sensitive to model parameters (see Fig. 4 ) so will be useful in conand albedo variation.
Limb-darkening coefficients can be estimated from the straining future models. Direct production of aerosols by UV photolysis occurs model and (see Fig. 4 ) are qualitatively in agreement with the observed values. The model does not take into account at high altitude (>200 km), and we assumed, as Toon et al. (1992) , that aerosols are removed by rainout. Although the combined depth and sphericity of the atmosphere into account, but these effects are only important at the limb, a change in steady-state aerosol mass production rate by a factor of 2 reproduces the contrast versus wavelength which represents perhaps 2 of the 10 points used to fit a k value. The model has not been tuned to fit the k values fairly well (see Fig. 7) , Hutzell (1993) showed that the welling in the present northern hemisphere is consistent with the detection in Titan's shadow of a detached haze layer in that hemisphere by Karkoschka and Lorenz (1996) . Note that this detached haze layer is optically thin at normal incidence and does not significantly affect the albedo measurements reported here. Hutzell et al. (1996) have investigated the effect of applying a Hadley cell type circulation, and the recent GCM results of Hourdin et al. (1995) to Titan's aerosols, but they use the Toon et al. (1992) optical scheme, which overestimates the contrast in the violet and UV. Hutzell et al. (1996, Fig. 5) show relative albedo as a function of latitude for when maximum contrast at 550 nm occurs: the predicted contrast for the GCM circulation is ȁ200% at 222 and 350 nm, far in excess of that observed. The contrast at 550 nm is broadly that which is observed, but at 889 nm, they predict high albedo at high latitudes, but no hemispheric asymmetry. As with the Toon et al. (1992) albedo calculations, the methane band and violet/UV treatments require revision. Hutzell's Hadley cell model appears to give a seasonal contrast of the wrong phase. the zonally averaged meridonal flow (Hourdin et al. 1995) is 0.03 ȁ 0.1 kg/sec, corresponding to velocities of ȁ1 m/sec. Thus, the transport of haze material from one hemisphere to the other takes only about 0.2 years. Thus a amplitude and phase of the observed contrast for a variation in production rate on seasonal (ȁ10 year) time scales seasonal change in circulation seems the only plausible mechanism for introducing the additional haze opacity reis incompatible with observations. Essentially, the long residence time of haze particles is such that a change in quired on a sufficiently short time scales.
Our modeling and observations indicate that at equinox production rate is damped out: the haze produced in one season contributes only a tiny fraction of the total col-the autumn hemisphere (north at present, south during the Voyager encounter) is bright at visible wavelengths umn opacity.
Note also that while an increase of the rainout altitude and that this is due to a lower haze opacity in the region of 100 km altitude. There is more haze in the spring hemifrom 64 to 88 km over a short period would clear that altitude range of aerosols, the terminal velocity of 0.1 to sphere, which appears bright in methane band images. This is consistent with a pole-to-pole Hadley-type circulation 1.0-Ȑm spherical aerosols is such (Toon et al. 1992 ) that it would take between 10 and 80 years for descending aero-which transports haze from the summer to winter hemispheres between equinoxes. The upwelling in the summer sols to repopulate the layer after the rainout altitude had dropped again. This long time scale argues against this hemisphere also levitates some haze, with larger particles, providing the detached haze layer seen by Rages and Polbeing a plausible mechanism for producing the contrastthe response time would tend to damp out the albedo lack (1983) and inferred by Karkoschka and Lorenz (1997) .
Separating cause and effect in these seasonal changes is difference, just as for production.
The Toon et al. (1992) upwelling model reproduces the not easy. Temperature changes in the atmosphere could change the altitudes at which compounds might condense blue and near-IR contrast (see Fig. 7 ), but is poor in the violet and UV and in the 889-and 619-nm methane bands: on aerosol particles, changing their size and/or optical properties. Courtin (1992) favors a change in optical propthis may be due to poorly modeled methane absorption and/or the UV albedo problems already discussed, or both erties of the haze particles as a mechanism for the asymmetry, especially in the UV. Recent work by Bé zard et al. effects may be due in part to too high number density at high altitudes for the upwelling case. In reality, particles (1995) has shown that haze and gas opacity variations can account, radiatively, for at least part of the temperature will be advected away at high altitudes rather than accumulate there: the streamlines turn over rather than stop. Up-asymmetry observed by Flasar et al. (1981) . On the other hand, the temperature asymmetry lag may simply be an monitoring of Titan's disk-integrated albedo over the years should also be noted: the combination of these data with artifact of the circulation: Flasar and Conrath (1990) suggested that the required phase lag in the observed tempera-the spatially resolved, but much more poorly sampled, imaging data has enabled the discrimination of different ture field could be due to deeper layers of the atmosphere being coupled to those levels where the asymmetry was analytic models of Titan's behavior. observed (''dynamic inertia''). As Hutzell et al. (1996) point out, the situation is complicated, with the haze structure driving the energy deposition in the atmosphere and hence 6. CONCLUSIONS the circulation on which the haze structure depends. Further progress might be made by coupling a time-dependent
We have measured the north-south asymmetry in Titan's atmosphere from a number of HST images spanning haze model to a GCM.
We might expect that if the albedo contrast is circulation the UV to the near-IR. The interhemispheric boundary, while blurred, is presently 10Њ-20Њ north of the equator, related, it may respond to changes in global insolation. Saturn's eccentric orbit provides such a modulation, such whereas it was about 5ЊS during the Voyager epoch. We find the NSA contrast peaks in the blue, falling off toward that insolation in 1974 was 20% higher than in 1989. We observe that the albedo contrast was slightly (indeed, the UV. The NSA falls to near-zero at red wavelengths and reverses in the near-infrared due to methane absorpwithin error bars, but at several wavelengths) smaller at present than at the Voyager epoch-if this change is real, tion, and partly due to brightening of the aerosols. Of the wavelengths available on HST, the greatest contrast is and correlated with the insolation change, then we predict that the phase-corrected albedo ratio measured by Cassini found in the 889-nm methane band. These measurements are consistent with, but significantly extend the wavelength will be closer to the Voyager values than those we have determined with HST. Note that we believe the effects of coverage of, earlier work by Smith et al. (1981) , Sromovsky et al. (1981) , Caldwell et al. (1992) , and Smith et al. the solar UV cycle to be small, since the haze inventory can have only a small seasonally produced component. (1992, 1993) . The Minnaert coefficient follows a broadly similar pattern, with the strongest, near-Lambertian, limb darkening
ADDITIONAL DATASETS
at green and red wavelengths. In the blue and UV, limb darkening is much weaker, with k tending toward 0.5, while Future monitoring by HST, using WFPC2, FOC, and after 1997 NICMOS, should allow the decay of the NSA in the near-IR methane band there is strong limb brightening (although the Minnaert fit is poor). to be studied. Additionally, progress in ground-based adaptive optics imaging of Titan has been impressive reWe find that the k values generated by a haze model reproduce the general wavelength dependence, although cently (Saint-Pe et al. 1993 , Han et al. 1995 , Combes et al. 1995 . Although the emphasis on ground-based imaging some discrepancies remain. Further, the k values are sensitive to model parameters, so our limb darkening measurehas been on mapping surface features in the near-infrared (at 2 Ȑm, where it is more practicable to compensate for ments will be useful constraints on future models.
Existing haze models do not reproduce the wavelength atmospheric turbulence than at visible wavelengths), monitoring of the NSA should also be possible.
variation of the asymmetry well. A change in number density in the 64-88 km altitude range (due, e.g., to a drop in In the mid and far-infrared, the recently launched Infrared Space Observatory (ISO), although able to measure rainout altitude), or at 108 km produce broadly correct near-IR contrasts, although a change in haze structure over the abundances of a number of compounds in Titan's atmosphere (Coustenis et al. 1993) , lacks the angular resolution a broader altitude range is likely what actually occurssome change at higher altitudes is probably required to to study the NSA. Its expected lifetime of 2 years may be enough to detect the seasonal variations in composition to generate the blue contrast. Simply changing the mass production rate generates near-IR contrasts that are too high. which the NSA appears to be coupled, however.
During the 4-year (2004-2008 ) orbital tour of the Cassini As suggested by Toon et al. (1992) and Hutzell (1996) , haze structure changes due to atmospheric circulation are mission, Titan's atmosphere will be extensively studied. Imaging from the UV to the mid-IR, as well as radio-a likely mechanism for the albedo contrast, although compositional changes (condensation) may also play a minor occultations and far-infrared observations will provide a wealth of data, coupling optical appearance with wind and role.
We stress that present haze models, all tuned to fit the temperature fields and composition variations. Imaging observations will be of sufficient fidelity to measure the k Neff et al. (1984) data set, may not represent the true haze structure of any part of Titan, since those albedo variation over the 4-year period.
Despite the breadth and fidelity of anticipated spacecraft measurements are the weighted average of two hemispheres with clearly different haze structures. Future modmeasurements, value of consistent, accurate ground-based eling efforts need to consider models for (at least) two DANIELSON, G. E., P. N. KUPFERMAN, T. V. JOHNSON, AND L. A. SODER-
